Abstract: This paper presents an alternative approach to determine the simplified top-oil temperature (TOT) based on the pathway of energy transfer and thermal-electrical analogy concepts. The main contribution of this study is the redefinition of the nonlinear thermal resistance based on these concepts. An alternative approximation of convection coefficient, h, based on heat transfer theory was proposed which eliminated the requirement of viscosity. In addition, the lumped capacitance method was applied to the thermal-electrical analogy to derive the TOT thermal equivalent equation in differential form. The TOT thermal model was evaluated based on the measured TOT of seven transformers with either oil natural air natural (ONAN) or oil natural air forced (ONAF) cooling modes obtained from temperature rise tests. In addition, the performance of the TOT thermal model was tested on step-loading of a transformer with an ONAF cooling mode obtained from previous studies. A comparison between the TOT thermal model and the existing TOT Thermal-Electrical, Exponential (IEC 60076-7), and Clause 7 (IEEE C57.91-1995) models was also carried out. It was found that the measured TOT of seven transformers are well represented by the TOT thermal model where the highest maximum and root mean square (RMS) errors are 6.66 • C and 2.76 • C, respectively. Based on the maximum and RMS errors, the TOT thermal model performs better than Exponential and Clause 7 models and it is comparable with the Thermal-Electrical 1 (TE1) and Thermal-Electrical 2 (TE2) models. The same pattern is found for the TOT thermal model under step-loading where the maximum and RMS errors are 5.77 • C and 2.02 • C.
Introduction
Thermal modeling is one of the important studies for the estimation of the top-oil temperature (TOT) and hot-spot temperature (HST) in transformers. TOT is defined as the average of the tank outlet oil temperature and the oil pocket temperature [1] . Meanwhile, HST consists of ambient temperature (AT), TOT rise, and HST rise [1] . One of the common approaches to carry out thermal modeling of transformers is through a numerical network thermal model. Currently, there are two standards that utilize this approach to determine HST and TOT, known as IEC 60076-7 and IEEE C57.91-1995 [1, 2] . Where 1 is the conduction through copper of the winding, 2 is the conduction through the insulation paper, 3 is the convection from insulation paper to the oil, 4 is the convection from the oil to the tank, 5 is the conduction through the tank/radiator of transformers, ℎ is the HST, is the TOT, and is the AT. Comprehensive analysis of the thermal conductivity through insulation paper can be characterized based on consideration on the porous characteristics. Fractal geometry is among the common approaches that can be used to model the pore structure for modelling the thermal conductivity through insulation paper [25, 26] . In this study, the thermal conductivity of insulation paper was represented by a single thermal resistance for the simplification of the thermal resistance equivalent circuit.
Nonlinear Thermal Resistances
All media in transformers have their own thermal resistances which act like dissipation elements. The thermal resistance is nonlinear due to the presence of the convection coefficient, h. Detailed descriptions of the nonlinear thermal resistance are presented in Section 3.1. Based on the pathway of energy transfer concept shown in Figure 1 , the heat transfer thermal resistance equivalent circuit is represented by Figure 2 . According to Figure 2 , there are three locations of temperatures, which are ℎ , , and . The heat sources in transformers originate from load losses, , and no-load losses, , which are added in the thermal resistance equivalent circuit, as shown in Figure 3 . Where q 1 is the conduction through copper of the winding, q 2 is the conduction through the insulation paper, q 3 is the convection from insulation paper to the oil, q 4 is the convection from the oil to the tank, q 5 is the conduction through the tank/radiator of transformers, θ hs is the HST, θ oil is the TOT, and θ a is the AT. Comprehensive analysis of the thermal conductivity through insulation paper can be characterized based on consideration on the porous characteristics. Fractal geometry is among the common approaches that can be used to model the pore structure for modelling the thermal conductivity through insulation paper [25, 26] . In this study, the thermal conductivity of insulation paper was represented by a single thermal resistance for the simplification of the thermal resistance equivalent circuit.
All media in transformers have their own thermal resistances which act like dissipation elements. The thermal resistance is nonlinear due to the presence of the convection coefficient, h. Detailed descriptions of the nonlinear thermal resistance are presented in Section 3.1. Based on the pathway of energy transfer concept shown in Figure 1 , the heat transfer thermal resistance equivalent circuit is represented by Figure 2 . 
Heat Transfer Theory Application in Transformers

Concept of Heat Transfer in Transformers
The concept of energy transfer is one of the simplest approaches to evaluate the heat transfer in transformers. In general, heat transfer occurs when there is a temperature difference in a medium or between media [23] . In transformers, the heat sources originate from load and no-load losses which distribute through oils and transfer to the tank/radiator of the transformer [24] . HST is the hottest temperature inside a transformer and is normally located at windings, and the coolest temperature is AT, which is located outside the transformer. Based on the heat transfer theory, heat or energy will transfer from the hottest temperature to the coolest temperature; in transformers, from HST to the AT via conduction and convection through all media, including windings, insulation papers, oils, and tanks/radiators. This pathway of energy transfer concept is applied in this study to determine the thermal resistance equivalent circuit, which can be seen in Figure 1 . Where 1 is the conduction through copper of the winding, 2 is the conduction through the insulation paper, 3 is the convection from insulation paper to the oil, 4 is the convection from the oil to the tank, 5 is the conduction through the tank/radiator of transformers, ℎ is the HST, is the TOT, and is the AT. Comprehensive analysis of the thermal conductivity through insulation paper can be characterized based on consideration on the porous characteristics. Fractal geometry is among the common approaches that can be used to model the pore structure for modelling the thermal conductivity through insulation paper [25, 26] . In this study, the thermal conductivity of insulation paper was represented by a single thermal resistance for the simplification of the thermal resistance equivalent circuit.
Nonlinear Thermal Resistances
All media in transformers have their own thermal resistances which act like dissipation elements. The thermal resistance is nonlinear due to the presence of the convection coefficient, h. Detailed descriptions of the nonlinear thermal resistance are presented in Section 3.1. Based on the pathway of energy transfer concept shown in Figure 1 , the heat transfer thermal resistance equivalent circuit is represented by Figure 2 . According to Figure 2 , there are three locations of temperatures, which are ℎ , , and . The heat sources in transformers originate from load losses, , and no-load losses, , which are added in the thermal resistance equivalent circuit, as shown in Figure 3 . According to Figure 2 , there are three locations of temperatures, which are θ hs , θ oil , and θ a . The heat sources in transformers originate from load losses, q cu , and no-load losses, q f e , which are added in the thermal resistance equivalent circuit, as shown in Figure 3 . Previous study showed that the thermal resistance of tank/radiator could be discarded due to the perfect conductor characteristic where the thermal resistance was practically close to zero [3] . In this study, the focus is on the TOT thermal resistance that relates with the convection thermal resistance of the oil to the tank. Due to this reason, the application of Fourier's law of heat conduction and the dual phase lag method are not considered in the computation. The final form of the heat transfer thermal resistance equivalent circuit can be re-drawn, as shown in Figure 4 . 
Lumped Capacitance
The current form of the thermal resistance equivalent circuit in Figure 4 can only be used under steady state condition. In order to determine HST and TOT under transient, the lumped capacitance approach was applied. The Biot number of the thermal resistance must be determined before this approach can be implemented. The Biot number is the ratio of the thermal resistance of conduction over the convection [3, 23] . In transformers, the Biot number is less than 1 since the thermal resistance of conduction is normally smaller than convection [3] . Through application of the lumped capacitance method, the capacitance is added to the heat transfer thermal resistance equivalent circuit which can be represented by Figure 5 . There are two capacitances that are included, known as oil and winding capacitances. Each of the capacitances represent the storage element of either the oil or winding in the thermal resistance equivalent circuit. Previous study showed that the thermal resistance of tank/radiator could be discarded due to the perfect conductor characteristic where the thermal resistance was practically close to zero [3] . In this study, the focus is on the TOT thermal resistance that relates with the convection thermal resistance of the oil to the tank. Due to this reason, the application of Fourier's law of heat conduction and the dual phase lag method are not considered in the computation. The final form of the heat transfer thermal resistance equivalent circuit can be re-drawn, as shown in Figure 4 . Previous study showed that the thermal resistance of tank/radiator could be discarded due to the perfect conductor characteristic where the thermal resistance was practically close to zero [3] . In this study, the focus is on the TOT thermal resistance that relates with the convection thermal resistance of the oil to the tank. Due to this reason, the application of Fourier's law of heat conduction and the dual phase lag method are not considered in the computation. The final form of the heat transfer thermal resistance equivalent circuit can be re-drawn, as shown in Figure 4 . 
The current form of the thermal resistance equivalent circuit in Figure 4 can only be used under steady state condition. In order to determine HST and TOT under transient, the lumped capacitance approach was applied. The Biot number of the thermal resistance must be determined before this approach can be implemented. The Biot number is the ratio of the thermal resistance of conduction over the convection [3, 23] . In transformers, the Biot number is less than 1 since the thermal resistance of conduction is normally smaller than convection [3] . Through application of the lumped capacitance method, the capacitance is added to the heat transfer thermal resistance equivalent circuit which can be represented by Figure 5 . There are two capacitances that are included, known as oil and winding capacitances. Each of the capacitances represent the storage element of either the oil or winding in the thermal resistance equivalent circuit. 
The current form of the thermal resistance equivalent circuit in Figure 4 can only be used under steady state condition. In order to determine HST and TOT under transient, the lumped capacitance approach was applied. The Biot number of the thermal resistance must be determined before this approach can be implemented. The Biot number is the ratio of the thermal resistance of conduction over the convection [3, 23] . In transformers, the Biot number is less than 1 since the thermal resistance of conduction is normally smaller than convection [3] . Through application of the lumped capacitance method, the capacitance is added to the heat transfer thermal resistance equivalent circuit which can be represented by Figure 5 . There are two capacitances that are included, known as oil and winding capacitances. Each of the capacitances represent the storage element of either the oil or winding in the thermal resistance equivalent circuit. Previous study showed that the thermal resistance of tank/radiator could be discarded due to the perfect conductor characteristic where the thermal resistance was practically close to zero [3] . In this study, the focus is on the TOT thermal resistance that relates with the convection thermal resistance of the oil to the tank. Due to this reason, the application of Fourier's law of heat conduction and the dual phase lag method are not considered in the computation. The final form of the heat transfer thermal resistance equivalent circuit can be re-drawn, as shown in Figure 4 . 
Thermal-Electrical Analogy
The thermal-electrical analogy parameters are through variable, across variable, dissipation element, and storage element [3] . The through variable, heat source, q, in the thermal approach is analogous to current, I in the electrical approach. Meanwhile, the across variable, temperature, θ, in the thermal approach is analogous to voltage, v, in the electrical approach. The dissipation element variable, thermal resistance, R th , in the thermal approach is analogous to electrical resistance, R el , in the electrical approach, while the storage element variable, thermal capacitance, C th , in the thermal approach is analogous to electrical capacitance, C el , in the electrical approach. Based on Figure 5 the thermal-electrical circuit can be divided into two models, known as the HST and TOT models, as shown in Figure 6a ,b, respectively. In this study, only the TOT model was developed and examined.
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The thermal-electrical analogy parameters are through variable, across variable, dissipation element, and storage element [3] . The through variable, heat source, q, in the thermal approach is analogous to current, I in the electrical approach. Meanwhile, the across variable, temperature, , in the thermal approach is analogous to voltage, v, in the electrical approach. The dissipation element variable, thermal resistance, ℎ , in the thermal approach is analogous to electrical resistance, , in the electrical approach, while the storage element variable, thermal capacitance, ℎ , in the thermal approach is analogous to electrical capacitance, , in the electrical approach. Based on Figure 5 the thermal-electrical circuit can be divided into two models, known as the HST and TOT models, as shown in Figure 6a ,b, respectively. In this study, only the TOT model was developed and examined. 
Top-Oil Temperature Thermal Model
Definition of Nonlinear Oil Thermal Resistance
According to the heat transfer theory in [5, 23] , the nonlinear oil thermal resistance is defined as the inverse product of convection coefficient, h and area, A which is given by Equation (1). The nonlinear oil thermal resistance, in Equation (1) 
The convection coefficient, h in Equation (1) may be affected by multiple factors, including the medium thermal characteristics. According to the heat transfer theory, the convection coefficient, h varies with the temperature difference between the object (transformers tank/radiator) and the fluid (transformers oil) [23] . In this case, h is approximated by the expression in Equation (2) [23] :
where n and C are constants and the unit of C is W/m 2 ·K (1+n) . The constant, n, contributes to the nonlinearity of the convection coefficient, h. In Equation (2), represents the TOT, , and ∞ represents the AT, . The TOT rise, ∆ , is determined by subtracting from the where it can be simplified to Equation (3):
Substitution of Equation (3) into Equation (1) leads to the final proposed equation of nonlinear oil thermal resistance as shown in Equation (4): 
Top-Oil Temperature Thermal Model
Definition of Nonlinear Oil Thermal Resistance
According to the heat transfer theory in [5, 23] , the nonlinear oil thermal resistance is defined as the inverse product of convection coefficient, h and area, A which is given by Equation (1). The nonlinear oil thermal resistance, R oil in Equation (1) refers to nonlinear oil-to-tank thermal resistance, R oil−tank in Figure 6b :
where n and C are constants and the unit of C is W/m 2 ·K (1+n) . The constant, n, contributes to the nonlinearity of the convection coefficient, h. In Equation (2), θ s represents the TOT, θ oil , and θ ∞ represents the AT, θ a . The TOT rise, ∆θ oil , is determined by subtracting θ a from the θ oil where it can be simplified to Equation (3):
Substitution of Equation (3) into Equation (1) leads to the final proposed equation of nonlinear oil thermal resistance as shown in Equation (4):
The thermal resistance is nonlinear due to the presence of the constant n, which represents the heat transfer convection modes in transformers, as shown in Equation (4) .
The redefinition of the nonlinear oil thermal resistance based on approximation of convection coefficient, h, in Equation (4) is among the key contributions of this study. A comparison with similar forms of nonlinear thermal resistances such as Susa and Tang models was also carried out. The nonlinear thermal resistance for Susa Model can be obtained based on the following approach. The relationship of Nusselt, Prandtle, and Grashof numbers is given by Equation (5) [5] :
The Nusselt, Prandtle, and Grashof numbers can be determined based on Equations (6)- (8):
Substitutions of Equations (6)- (8) into Equation (5) lead to the Equation (9):
Since only viscosity is sensitive toward temperature, Equation (9) can be reduced to Equation (10) known as the convection coefficient, h [5] :
where C 1 is obtained from Equation (11):
Substitution of Equation (10) into (1) leads to Equation (12) which is the final form of the nonlinear thermal resistance for Susa model [5] :
The nonlinear thermal resistance for Tang model can be derived based on the following approach. According to [20, 21] , the thermal conductance can be represented by Equation (13):
where G is the element of the thermal conductance matrix, ∆θ oil is the TOT rise, a and b are the constants. The reciprocal of Equation (13) leads to the final form of nonlinear thermal resistance for Tang model, as shown in Equation (14) [20, 21] :
The proposed nonlinear thermal resistance does not consider viscosity as in the Susa model. The nonlinear thermal resistance in the Susa model considers multiple oil parameters, such as characteristic length, L, oil thermal conductivity, k, specific heat of oil, c oil , oil density, ρ oil , gravitational constant, g, and oil thermal expansion coefficient, β, while the proposed nonlinear thermal resistance only considers the constant C that is derived from the heat transfer theory. The derivation of nonlinear thermal resistance in the Susa model is different from the proposed nonlinear thermal resistance where it is based on Nusselt, Prandtle, and Grashof numbers. Meanwhile, the nonlinear thermal 
Derivation of Top-Oil Temperature Thermal Model
Based on the TOT thermal-electrical analogy equivalent circuit in Figure 6b , the differential equation representation can be determined based on Equation (15) [5] :
Substitution of Equation (4) into Equation (15) leads to Equation (16):
The nonlinear oil thermal resistance at rated, R oil, rated , TOT rise at rated, ∆θ oil,rated , and oil time constant, τ oil , can be determined according to Equations (17)- (19):
The ratio of load losses at the rated to the no load losses, R can be computed according to Equation (20) :
The ratio of the load current to the load current at rated, K can be calculated according to Equation (21) :
Substitutions of Equations (17)- (21) into Equation (16) lead to Equation (22), which is the final form of the TOT thermal model:
The TOT thermal model in Equation (22) is in the same form as in [8] , however the approach in terms of derivation of the TOT thermal model is different. The nonlinear oil thermal resistance, R oil , in [8] was obtained through Nusselt, Prandtle, and Grashof numbers. The TOT model in [8] also took into consideration on the influence of oil viscosity in the TOT thermal model. In addition, the input parameters such as the TOT rise at rated, ∆θ oil,rated , oil time constant, τ oil and constant, n, in [8] were estimated based on the Levenberg-Marquardt method. The TOT thermal model in Equation (22) does not require the information on the viscosity for determination of nonlinear oil thermal resistance, R oil where simplification is carried out through approximation of convection coefficient, h, of the heat transfer convection between the oil and the transformer tank.
Input Data
The TOT thermal model was tested on seven transformers with ONAN and ONAF cooling modes. The seven transformers were named as TX1, TX2, TX3, TX4, TX5, TX6, and TX7. In addition, the TOT
thermal model was also tested on the step loading of a 250 MVA transformer with ONAF cooling mode obtained from [1, 5] and named as TX8. Both TX3 and TX4 have identical design except the cooling mode for TX3 is ONAN and TX4 is ONAF. The input parameter for these transformers ratings are shown in Table 1 for constant loading and Table 2 for step loading. The oil time constant, τ oil , was calculated based on [2] using the input parameters obtained from the nameplate rating such as the weight of core and coil in kg, the weight of the tank and fittings in kg, and transformer oil in L. Based on the convection heat transfer, the value of constant, n is 0.25 for laminar oil circulation [27] , which indicates free convection (ONAN cooling modes). It is used to control the sensitivity of the TOT model curve which depends on the cooling modes and oil circulation of transformers. The constant, n, has different values for forced convection (ONAF and OFAF cooling modes) [5, 6] . In this study, the constant n for TE1 and TE2 were calibrated based on the measured TOT in order to increase the accuracy of the simulated TOT. The same procedure was carried out for the TOT thermal model, which can be seen in Table 3 . 
Comparison with Previous Thermal-Electrical and Standard Models
In this study, two thermal-electrical models in [3, 5] were used to evaluate the performance of the TOT thermal model. Thermal-Electrical 1 (TE1) model was proposed by [5] as seen in Equation (23) . The model in Equation (24) was introduced by [3] and termed as Thermal-Electrical 2 (TE2) model:
The TOT thermal model was also compared with the existing models in standards known as the Exponential model in IEC 60076-7 and the Clause 7 model in IEEE C57.91-1995, as seen in Equations (25) and (26) [1, 2] . The constants, x, k 11 , and n used for both the Exponential and Clause 7 thermal models were chosen based on Table 1 .
Maximum error and root mean square (RMS) error were used to analyze the simulated TOT, as can be seen in Equations (27) and (28):
where θ oil, measured is the measured TOT, θ oil, simulated is the simulated TOT, and n is the number of samples.
Results and Discussions
Constant Loading
The comparison between the TOT thermal model and the existing TOT Thermal-Electrical, Exponential (IEC 60076-7) and Clause 7 (IEEE C57.91-1995) models can be seen in Figures 7-13 . For TX1, the simulated TOT for all thermal models overshoot during the first 300 min of the temperature rise test as seen in Figure 7 
Step Loading
The performance of the TOT thermal model is also tested on step loading of TX8 as shown in Figure 14 . The simulated TOT based on TOT thermal and TE1 models are quite close to measured TOT. The simulated TOT based on both TE2 and Exponential models slightly overshoot once the loading increases from 0 to 1.0 p.u. and 0.6 to 1.5 p.u. On the other hand, the simulated TOT based on the Clause 7 model is slightly lower than measured TOT during the same loading period. A significant deviation between simulated TOT based on Exponential model and measured TOT is found once the loading decreases from 1.5 to 0. 
Discussions
Under constant loadings of seven transformers, the highest maximum and RMS errors for the TOT thermal model are 6.66 °C and 2.76 °C, which are lower than Exponential and Clause 7 models where the highest maximum errors are 8.37 °C and 12.92 °C while the highest RMS error are 4.54 °C and 5.33 °C, respectively. The performance of TE1 and TE2 models are slightly better than TOT thermal model where the highest maximum errors are 6.32 °C and 5.03 °C while the highest RMS error are 2.89 °C and 2.41 °C. Meanwhile, under step loading, the TOT thermal model performs better than Exponential and Clause 7 models, and comparable with TE1 and TE2 models. The TE1 model is able to represent the TOT better than the TOT thermal model owing to its comprehensive consideration on the viscosity. However, due to the minimal information requirement by the TOT thermal model, the performance could be considered as reasonable as alternative approach to determine the TOT of transformers. Furthermore, the TOT thermal model is able to evaluate transformers with different cooling modes since the oil time constant, is calculated according to the respective cooling modes.
Conclusions
Based on the proposed pathway of the energy transfer concept and thermal-electrical analogy through utilization of the nonlinear thermal resistance and lumped capacitance method, an alternative approach to determine the TOT is developed. The key component of the TOT thermal model is the alternative approximation of the convection coefficient, h, proposed based on heat transfer theory that eliminates the requirement of the viscosity. The TOT thermal model was tested on seven transformers with either ONAN or ONAF cooling modes. Based on the case study, the TOT thermal model can represent the measured TOT quite well where the highest maximum and RMS errors are 6.66 °C and 2.76 °C, respectively. Under step loading, the performance of TOT thermal model is comparable with other types of thermal models where the simulated TOT is quite close to measured TOT and the maximum and RMS errors are 5.77 °C and 2.02 °C. Overall, the performance of the TOT thermal model is comparable with the TE1 and TE2 models and better than the Exponential and Clause 7 models. 
Discussions
Under constant loadings of seven transformers, the highest maximum and RMS errors for the TOT thermal model are 6.66 • C and 2.76 • C, which are lower than Exponential and Clause 7 models where the highest maximum errors are 8.37 • C and 12.92 • C while the highest RMS error are 4.54 • C and 5.33 • C, respectively. The performance of TE1 and TE2 models are slightly better than TOT thermal model where the highest maximum errors are 6.32 • C and 5.03 • C while the highest RMS error are 2.89 • C and 2.41 • C. Meanwhile, under step loading, the TOT thermal model performs better than Exponential and Clause 7 models, and comparable with TE1 and TE2 models. The TE1 model is able to represent the TOT better than the TOT thermal model owing to its comprehensive consideration on the viscosity. However, due to the minimal information requirement by the TOT thermal model, the performance could be considered as reasonable as alternative approach to determine the TOT of transformers. Furthermore, the TOT thermal model is able to evaluate transformers with different cooling modes since the oil time constant, τ oil is calculated according to the respective cooling modes.
Conclusions
Based on the proposed pathway of the energy transfer concept and thermal-electrical analogy through utilization of the nonlinear thermal resistance and lumped capacitance method, an alternative approach to determine the TOT is developed. The key component of the TOT thermal model is the alternative approximation of the convection coefficient, h, proposed based on heat transfer theory that eliminates the requirement of the viscosity. The TOT thermal model was tested on seven transformers with either ONAN or ONAF cooling modes. Based on the case study, the TOT thermal model can represent the measured TOT quite well where the highest maximum and RMS errors are 6.66 • C and 2.76 • C, respectively. Under step loading, the performance of TOT thermal model is comparable with other types of thermal models where the simulated TOT is quite close to measured TOT and the maximum and RMS errors are 5.77 • C and 2.02 • C. Overall, the performance of the TOT thermal model is comparable with the TE1 and TE2 models and better than the Exponential and Clause 7 models.
